Direct measurements of portal flow and pressure in a relatively large number of patients with cirrhosis show a marked reduction in flow associated with a nearly constant plateau of portal pressure. This lack of correlation indicates the complex relationships of resistances in the splanchnic, collateral, and hepatic circuits determining the division of the available splanchnic flow between the portal vein and the collateral pathways. Subtracting the measured portal flow from well-established estimates of total hepatic blood flow in cirrhosis suggests that the hepatic artery contributes more than one-half of the blood perfusing the cirrhotic liver. There was no instance of retrograde portal flow during the preshunt measurements, although such reversal was frequent after side-to-side portacaval anastomosis. Attempting to explain the plateau of portal pressure in the face of an increasing outflow resistance presumably associated with progress of the disease, we postulate that an augmented inflow resistance to the splanchnic chamber reduces splanchnic flow in cirrhosis. End-to-side portacaval anastomosis did not return normal portal flow, although it decreased pressure to accepted control levels. The assumption is that most of the splanchnic blood was flowing through the shunt, leading to a high splanchnic resistance in the immediate postshunt status. If this resistance was previously elevated, as suggested by the plateau of portal pressure, the mechanism responsible for the elevation was not immediately […] Research Article
Introduction
Beginning with the original observations of Bradley, Ingelfinger, Groff, and Bradley (1), a body of evidence indicates a significant reduction in total hepatic blood flow in patients with cirrhosis of the liver. We have considerably less in-formation, however, on the relative contribution of the portal vein to the diminished total perfusion of the cirrhotic liver. Redeker, Geller, and Reynolds (2) subtracted total estimated hepatic blood flow before and after end-to-side portacaval anastomosis and found no severe reduction in portal flow. A similar subtraction in one of our previous studies showed opposite results (3) . Again, using indirect methods, Grabner (4) estimated a significantly reduced portal contribution in hepatic cirrhosis, whereas Myers (5) calculated this contribution to be as low as 25 to as high as 75% of the total flow.
We have even less information from direct measurements of portal venous flow in cirrhosis. 436 Ferguson (6) , using an electromagnetic flowmeter, measured a marked reduction in portal flow in 11 patients, whereas Schenk, McDonald, McDonald, and Drapanas (7) , with a similar instrument, found no significant differences between the mean portal flow in five patients with cirrhosis and that in their normal control subjects.
In this report we will present the results of direct measurements of portal flow and pressure taken at the operating table before and, less frequently, after portacaval anastomosis in a relatively large series of patients with cirrhosis. Additional measurements included systemic arterial pressure and, in a smaller proportion of the patients, pressure on the hepatic and splanchnic sides of a clamp occluding the portal vein and pressure in the inferior vena cava. Portal flow was also measured in a small normal control group. The results indicate that 1) there was a severe reduction in portal venous flow in most of these patients with cirrhosis; 2) in this group of patients, portal pressure remained nearly constant around 30 mm Hg; 3) throughout the series, patients with approximately the same portal pressures had remarkably different values of portal flow; 4) in most patients, portal flow failed to return to normal values after the construction of a portacaval anastomosis, even when the return to normal portal pressure indicated a successful shunt; and 5) respiratory oscillations affected portal flow before and after portacaval anastomosis.
Methods
One hundred sixteen direct measurements (8, 9) .
Results
Portal flow in normal subjects. Mean portal flow in six normal control subjects was 20.9 4.1 (SD) ml per minute per kg (Table I) .
Portal Table III ). In the other three patients with stagnant flow who had measurements of occluded pressures, the difference between "unoccluded" and "hepatic occluded" pressures was small, averaging only 1.8 mm Hg. In the remaining 22 patients, however, the difference between these two pressure measurements showed no correlation with the magnitude of the portal flow. Pressure in the inferior vena cava was measured in seven patients and averaged 8.6 mm Hg, with a range of 6.6 to 11.7 mm Hg (Table IV) . Systemic arterial pressure was in the normal range in all patients, averaging a mean of 98 mm Hg. (Table IV) . Flow and pressures after end-to-side portacaval anastomosis. Flow in the portal vein after its anastomosis to the vena cava was approximately double the preshunt flow. However, there was a certain proportion between pre-and postshunt flows, with small flows being followed by relatively small flows and larger flows by correspondingly larger flows (Table V) . Although, in both instances, the increment may have been 100% or more over the initial flow (Figure 3) Measurements after side-to-side portacaval anastomosis. Reasonably satisfactory measurements in the hepatic limb of the anastomosis could be taken in only 13 patients. In eight, hepatic blood flowed in a retrograde manner from the liver to the vena cava (range 0.8 to 12.5 ml per minute per kg). In one patient, the flow was stagnant and only a to-and-fro motion was recorded during the respiratory cycle. In four patients, a rather small flow of blood toward the liver was measured (range 1.9 to 4.6 ml per minute per kg).
Calculations and approximnations. Measurements of flow and pressure gave approximations to the values of some of the variables and parameters of the Wheatstone bridge model proposed by Bradley (10) for the hepatic and splanchnic circuits. Figure 4 , A, shows the estimates for these values before the shunt, and Figure 4 , B, presents those for the values after the end-to-side portacabal anastomosis.
Effect of respiration. Flow in the portal vein showed oscillations synchronous with the respiratory cycle. In control subjects and in the few patients with cirrhosis whose portal flow remained within normal ranges, the oscillations had a relative magnitude approximating 20% of the total flow ( Figure 5, A and B Inspiration depressed portal flow in control subjects and in some patients with cirrhosis (Figure 6, A) , whereas it accelerated flow in other patients (Figure 6, B) . After end-to-side portacaval anastomosis, inspiration always accelerated portal flow (Figure 6, C) . In eight patients who had retrograde flow (away from the liver) in the hepatic limb of a side-to-side portacaval anastomosis, inspiration always accelerated the flow, and the oscillations represented from 30 to 100% of the total flow ( Figure 7, A and B) . In four patients with slight forward flow in the hepatic limb of the shunt, inspiration decreased flow in one (Figure 7, C) and accelerated flow in another. Unsatisfactory identifying markers made it impossible to establish the effect in the other two.
Discussion
Measurements at the operating table can be affected by anesthesia, laparotomy, technical artifacts, and even undetected changes in blood volume and cardiac output. Therefore, our absolute values should not be taken to reflect accurately individual changes, but rather as general statements of broad tendencies for circulatory adjustments in cirrhosis.
Our direct measurements of 6.5 ml per minute per kg (or approximately 440 ml per minute) indicate a severe reduction in portal venous flow. Occasionally, flow was so small as to explain the tendency of cirrhotic patients to develop secondary portal venous thrombosis. The measurements also suggest that the hepatic artery contributes the larger portion of the blood that perfuses the cirrhotic liver, because the original observations of Bradley and associates (1), recently validated by Grabner in 81 patients (4), give an estimate of 1,000 ml per minute for total hepatic blood flow in cirrhosis. Since none of our measurements showed retrograde flow in the portal vein, it seems that the incidence of this phenomenon must be very small, if it occurs at all.
The statistically borderline difference in portal flow between patients with and without ascites may relate this complication to an advanced stage of the disease, where a more profound circulatory derangement further impairs hepatic perfusion with splanchnic blood.3 However, our findings should not lead to the a priori conclusion that cirrhotic ascites results from simple hemodynamic changes, a view favored by some on the basis of the experimental production of ascites in the laboratory animal. Note that there were no statistically signifi-cant differences in portal pressure or in any gradient of pressure.
Concerning the nearly constant portal pressure, which averaged approximately 30 mm Hg, it is of interest that Ferguson's direct measurements in 48 patients show an almost identical value of 30.1 mm Hg (6) . Because this may indicate some form of limiting condition in the circulatory disorder of cirrhosis, we re-examined the values of splenic pulp pressure in two of our previous studies including 203 patients subdivided according to a gross splenoportographic estimation of cirrhotic involvement (11, 12) . In the more advanced stages, which involved the same type of patients as our present series of direct measurements, splenic pulp pressure reached a mean value of 31.5 mm Hg. All these observations may indicate that, after a period of progressive increase, portal pressure reaches a plateau of approximately 30 mm Hg. Any speculation concerning this plateau should consider the ratio of inflow to outflow resistances in the splanchnic venous chamber as primary determinant for its intravascular pressure (Bradley, 10; Selkurt and Rothe, 13) . In advanced cirrhosis, total outflow resistance for the splanchnic chamber is given by the combined resistances of the hepatic and collateral beds. Because all evidence points to unrelenting distortion and compression of the intrahepatic vasculature, a constant portal pressure cannot be thought to result from a stabilized transhepatic resistance. Also, it does not seem plausible that total outflow resistance might be kept indefinitely constant by continuous recruiting of new collateral beds with their resistance parallel to a progressively increasing transhepatic resistance. Therefore, an elevated but constant portal pressure strongly suggests an increased resistance to the inflow of the splanchnic chamber. Selkurt and Johnson (14) have shown increased resistance to flow through the intestine after experimentally elevating portal pressure by impairing portal outflow. With a normal arterial pressure, as observed in our patients, such an increase in resistance would result in a diminished splanchnic flow.
Measurements of pressure on the hepatic side of a clamp occluding the portal vein have been thought to reflect an increase in intrahepatic portal pressure transmitted through arteriovenous shunts between presinusoidal branches of the hepatic artery and presinusoidal portal venules, a concept based on the histological demonstration that such communications become abundant in cirrhosis (Child and Donovan, 15) . Recent simultaneous measurements in dogs by Price, McFate, and Shaw (16) indicate that when the portal vein is occluded, wedged hepatic venous pressure and portal pressure on the cephalic side of the occlusion become the same, and that both very closely approximate sinusoidal pressure. They also indicated that arteriovenous communications need not be a significant determinant for changes in the occluded portal pressure. Bradley (10) The lack of correlation between portal pressure and flow is one more indication of the complex relationships of resistances and implied pressure gradients determining the flows in the hepatic, collateral, and splanchnic circuits of patients with cirrhosis. Bradley's Wheatstone bridge model of these resistive conditions (Figure 4, A) shows that the amount of blood entering the liver through the portal vein depends not only on the splanchnic resistance, but also on the division of the resulting splanchnic flow between the portal vein and the portal-systemic collateral bed. The complexity of the relationships that determine such a flow division ratio can be appreciated from the fundamental mathematical description of the bridge (Smythe, 17) , if one derives the ratio of portal flow to splanchnic flow: Although presently available data are not sufficient to provide a numerical solution for this equation, its derivation is useful to show how the flow division ratio is simultaneously influenced by all the resistances in the circuits and particularly by the imbalance of the bridge, represented by the term in the left parentheses.
After end-to-side portacaval anastomosis, portal flow regularly increased but failed to return to normal values in most patients. Since the elevated portal pressure always decreased to normal, indicating a technically successful shunt, it is unlikely that portal flow was small because a portion of splanchnic blood continued to flow through the collateral bed. If it is assumed that caval pressure did not change significantly, the estimated resistance of the shunt must have been very small ( Figure 4, B) , suggesting that most of the splanchnic blood should flow through the portal vein into the vena cava. Again, since the outlet resistance primarily affects the pressure, whereas flow depends more directly on the input resistance, our findings strongly suggest a high splanchnic resistance immediately after the shunt. Because there is no reason to believe that construction of the shunt would raise the splanchnic resistance, it is plausible that the resistance was already elevated before the shunt and that the mechanism responsible for the elevation is not immediately deactivated after the shunt. Actually, the plateau of portal pressure already had pointed toward such an increment in preshunt splanchnic resistance. If this is true, the postshunt augmentation in portal flow may simply represent rerouting of splanchnic blood previously diverted through the collateral bed, with the true effect of the shunt upon splanchnic flow not being measurable immediately after the shunt.
The effect of respiration on portal flow indicates the limitations of any steady state analysis of the circulatory derangement in cirrhosis. Using the method of intraparenchymal deposition of contrast medium, we have previously reported that in patients with cirrhosis hepatic outflow increases, instead of decreases, during inspiration (18) . The present direct measurements of hepatic inflow confirm these findings. If compression by the descending diaphragm depresses flow in the normally elastic liver (Brauer, 19) , such an effect may not be readily induced in the hardened fibrous cirrhotic liver. In the absence of mechanical collapse, the normal inspiratory increment in the gradient for venous return should accelerate flow through the hepatic vasculature, now resembling a circuit of rigid tubes more than a collapsible system. Unfortunately, we did not mark the respiratory cycle in our early recordings and cannot estimate the incidence of this phenomenon. Inspiratory acceleration of splanchnic flow after end-to-side portacaval shunt and of hepatic flow after side-to-side anastomosis again suggests the significant effect of an oscillatory -pressure gradient. In some patients, all the blood movement was represented by the oscillations in flow.
